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Abstract We propose to study the physics potential of a future muon collider at center-of-mass en-
ergies (

√
s) of 1.5, and 3TeV, and provide extrapolations to even higher energies up to 30TeV. The

studies should include realistic reconstruction efficiencies to take into account limitations such as those
from the beam induced background (BIB). In this Letter of Interest (LoI), we discuss studies for new
physics searches. A second LoI has been written for studying standard model (SM) precision measure-
ments of the electroweak sector, and a third one for studies on the reconstruction and simulation of a
muon collider experiment.

Motivation High energy particle colliders are powerful tools for studying the SM and searching for
physics beyond the SM (BSM). While the SM provides the best known description of the universe,
open questions remain, for example the origin of dark matter (DM). The LHC has shown no hints of
new physics thus far, suggesting that new particles could be lurking at higher energies. A new collider
that can produce multi-TeV collisions is the only way to conclusively test what lies beyond the SM.

Two types of machines have been used over the last century. Electron-positron colliders excel in
precision studies, however have limited reach in energy: proposed circular colliders might reach energies
up to the tt̄ production threshold, while linear colliders reach energies of “only” a few TeV. Proposed
proton-proton colliders might reach O(100TeV) collisions. However, these ring machines will have to be
enormous in footprint, with circumferences of O(100 km), and cost. Also, protons are not fundamental
particles, so the effective energy is considerably smaller. Future muon colliders are unique machines.
They are appealing because they could reach high energies while still being compact. A multi-TeV
muon collider could, for example, fit on the Fermilab site [1]. A muon collider similar in size to the
LHC could reach

√
s > 10TeV. Therefore, its discovery reach is expected to significantly exceed that

of proposed future circular proton-proton colliders for new electroweak physics [2].

Proposed Studies In this LoI, we propose several benchmark studies for BSM physics at a muon
collider with

√
s in the multi-TeV range. These benchmark studies will take into account the realistic

challenges posed by the overwhelming BIB at a muon collider. A separate LoI which focuses on exam-
ining reconstruction efficiency and resolution of standard physics objects at a muon collider experiment
is being submitted. If possible, we will use Delphes cards from the studies presented in that LoI to
obtain realistic efficiencies. Else, we will use dedicated full-detector simulations.

Our focus here is to study BSM signatures that could be significantly impacted by BIB. For example,
it is important to keep resolution effects to a minimum for DM searches which utilize missing momentum.
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Also close collabora-
tion with Italian/ 
European colleagues 
who are working on 
the muon collider.



Executive Summary
• In LoI #226 we propose to study the new physics sensitivity at a muon collider.
• First, identify and overcome the challenges in the reconstruction (see also 

LoI #234).
• Use these result to study new physics signatures. We made 4 concrete proposals:
1. Dark matter and resonances: model-independent with ISR, model-dependent 

with mediator (such has a heavy boson). E.g. if coupling happens through vector 
bosons, muon colliders might yield highest sensitivity.

2. Electroweakinos: At high √s, the EWKino cross section rises strongly compared 
to the SM background → possibly high sensitivity. One question: can we tag soft 
tracks when there is beam-induced backgrounds (BIBs).

2. Another avenue could be looking for RPV. Similar argument as above: Cross 
section not that much smaller as those of background, unlike for a pp machine.

3. Long-lived particles: This might be very challenging in the presence of the BIB.

• Also check out LoI #177, utilizing the muon collider for standard model physics.
• The authors of these three LoIs work together. We also work with our European 

colleagues.
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Why muon collider?
• Muons are heavy: Can build small footprint collider for multi-TeV collisions.
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µµ: 1.5-4 TeV
pp: 14 TeV

ee: 500 GeV

ee: 0.4 – 3 TeV
pp: 100 TeV
ee: 350 GeV

• With further advances could build a 6 TeV muon collider of the size of the Tevatron.



Why muon collider?
• Muons are heavy: Can build small footprint collider for multi-TeV collisions.
• Muons are fundamental particles – i.e. collisions take advantage of full c.o.m. energy 

of the beam.
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Figure 2: Energy reach of muon-muon collisions: the energy at which the proton
collider cross-section equals that of a muon collider (taken from reference [11]).
The plot compares the pair-production cross-sections for heavy particles with
mass M at approximately half the muon collider energy

√
sµ/2. The dashed

yellow line assumes comparable processes for muon and proton production, while
the continuous blue line accounts for the possible QCD enhancement of the
production rates at a proton-proton collider.

both Higgs bosons decay to b and anti-b quark jet pairs.
The detector must be capable of operating in the presence of the beam-

induced background produced tens of meters upstream of the interaction point
along the beam line by the interactions between the decay products of the muon
beams and the machine elements. The particle types (mainly photons, electrons
and neutrons), flux, angular, and energy distributions of the background all
depend strongly on the exact details of the machine lattice. This requires the
design of the machine-detector interface to be optimized along with the collider
design at a given energy. Two tungsten shielding cones (nozzles), emanating
from the collision point and inserted inside the tracker detector volume, mitigate
the effects of the high levels of beam-induced background close to the beam
pipe. The experiment, in particular the tracking system shown in Figure 3,
requires detectors with performance that exceeds the present state of the art,
e.g., being capable of few tens of ps timing resolution to reject out-of-time
beam-induced background [13]. Detector designs must be developed further
to enable simultaneous measurements of the position, time and energy of the
particles originating from the collision point, as well as to exploit new artificial
intelligence on-detector data handling and reconstruction tools.

4

For √s ≳ 7.5 TeV, a muon collider will surpass a 
100 TeV pp machine for electroweak physics.



Our proposal for studies
• Our LoI calls for generic exploration of the new physics parameter space, but we 

named three topics that are of interest to the signees:

• Resonances and Dark matter: e.g. H/Z’ → invisible + ISR (photon) or H/Z’ → XX 
(X = ℓ, V, or h).
• Resonance search can be done with a √s scan.
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FIG. 3: Left panel: total cross section for H/A ! bb̄ (solid lines) and tt̄ (dashed lines) as a function of m
H/A

at
p
s = 3 TeV,

in Type-II 2HDM scenario for tan� = 5 (blue) and 40 (red). Right panel: recoil mass distribution for heavy Higgs mass of
0.5, 1, 1.5, 2, 2.5, 2.9 TeV with total width 1 (red), 10 (blue), and 100 (green) GeV at a 3 TeV muon collider. The beam
energy resolution and photon energy resolution are as shown in Table. II. ISR and FSR are included but not beamstrahlung.
Background (black) includes all events with a photon that has pT > 10 GeV. Note that signal and background have di↵erent
multiplication factors for clarity.

1. Signal and Background

The characteristics of this RR signal is a photon with the energy given by

E� =
ŝ�m

2
H/A

2
p
ŝ

, (5)

from which one constructs a recoil mass peaked at the heavy Higgs mass mH/A. The energy of this photon is smeared
by the following factors: detector photon energy resolution, collider beam energy spread, additional (soft) ISR/FSR,
and heavy Higgs total width. Our choice of the detector photon energy resolution and beam energy spread are as
shown in Table II. The beam energy spread and (soft) ISR are of GeV level [30]. When the Higgs boson mass is
significantly below the beam energy, the recoil mass construction receives large smearing due to the energy resolution
for the very energetic photon.
Besides the Higgs boson mass, the other most important parameter is the total width, which e↵ectively smears

the mono-chromatic photons as well. We calculate the total width as a sum of the partial widths to fermion pairs
for Type II 2HDM in Fig. 2. In this model, µ = tan� in the decoupling limit. The total width is minimized
when tan� =

p
mt/mb. Because of the quadratic dependence, there are typically two values to give the same width

tan�1 · tan�2 = mt/mb. Numerically we take mt/mb = 42. We can see that typically the total width ranges from a
few GeV to hundreds of GeV. The total width of heavy Higgs boson could remain small in lepton-specific 2HDM. We
thus choose three representative values for the total width: 1, 10, and 100 GeV for later discussions.
The inclusive cross section for mono-photon background is very large in comparison with the radiative return signal.

The background is mainly from the Möller scattering with ISR/FSR µ
+
µ
� ! µ

+
µ
�
�, and the W exchange with ISR

µ
+
µ
� ! ⌫⌫�. The signal background ratio is typically of the order 10�3 for a 3 TeV muon collider. As a result, for

the discovery through the RR process, we need to rely on some exclusive processes, or to the least veto mono-photon
plus missing energy and mono-photon plus dimuon exclusive channels.
It should be noted that, in a 2HDM, the heavy neutral scalar H may decay into both tt̄, bb̄ and ⌧

+
⌧
� modes, where

the branching ratios depend on tan�. We adopt the Type-II 2HDM for illustration. We show in Fig. 3 the total
cross sections (left panel) for µ+

µ
� ! H/A� ! qq̄� (for q = t, b) for tan� = 5, 40, with the basic cuts applied on the

photon. It is clear from the plots that while the rates for tt̄� is considerably suppressed for large values of tan�, it
can be of comparable magnitude (or even larger) to that for bb̄� for relatively low tan�. Judicious criteria for event
selection, therefore, need to be developed for both channels. In the rest of the present study, however, only the bb̄

mode is considered for simplicity.
To be more specific, we choose the bb̄ final state as a benchmark with heavy Higgs boson decay branching fraction

(Br) to this final state to be 80%. We also assume 80% b-tagging e�ciency and require at least one b-jet tagged. In

Phys. Rev. D 91, 015008 (2015)

On Vector Boson Scattering (Fusion)

From Eichten’s Talk at MAP meetings (2013)

For instance, Maltoni et al, 2005.10289
Similar physics happens for electroweak pair 
productions, gauge boson productions, etc.



Our proposal for studies
• Our LoI calls for generic exploration of the new physics parameter space, but we 

named three topics that are of interest to the signees:

• Resonances and Dark matter: e.g. H/Z’ → invisible + ISR (photon) or H/Z’ → XX 
(X = ℓ, V, or h).
• Model-independent search by selecting on an ISR object, e.g. a photon.
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Figure 1: Representative Feynman diagrams for the mono-photon signal from a variety of
�� production channels (a) µ+µ� annihilation, (b) �� fusion, (c) �W fusion, and (d) WW

fusion.

(a) (b)

Figure 2: Representative Feynman diagrams for the SM mono-photon background (a) from
W -exchange, and (b) from Z ! ⌫⌫̄.

particles, or leave a charge track if the charged states are long lived. As we stated above, we
will consider these soft particles to be unobservable for now. Hence, the most obvious signal
would be to have an additional photon recoiling against the EW multiplet in the production
process. In the following, we will study this mono-photon channel in detail.

We consider the following signal processes

µ+µ�
! ��� via annihilation µ+µ�

! ��, (3.2)
�� ! ��� via �� ! ��, (3.3)

�µ±
! �⌫�� via �W ! ��, (3.4)

µ+µ�
! �⌫⌫�� via WW ! �� and µ+µ�

! ��Z. (3.5)

where � represents any state within the n-plet and �� represents any combination of a pair of
the � states allowed by the gauge symmetries. We show the representative Feynman diagrams
for the mono-photon signal corresponding to the above processes in Figure 1. Apart from
the initial state radiation (ISR) or final state radiation (FSR) photon, the signal rate and
kinematics are mainly determined by the underlying two-to-two processes. For a heavy �,
the direct µ+µ� annihilation remains to be the dominant production source via �⇤, Z⇤

! ��

(dubbed as a Drell-Yan process due to its similarity to pp ! �⇤/Z⇤
! `+`� at hadron

colliders). For the next two processes in �� and �W fusion, photons are treated as initial
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Figure 4: Kinematic distributions for the mono-photon process at
p
s = 14 TeV with cuts in

Equation 3.6, for (a) the energy distributions of the photon for the background and two repre-
sentative benchmarks for 7-plet (1, 7, ✏) with m� = 1 TeV (blue) and 3 TeV (red), respectively;
(b) the angular distributions of the photon for the background and two representative bench-
marks for doublet (1, 2, 1/2) (blue) and 7-plet (1, 7, ✏) (red) with m� = 1 TeV; (c) normalized
missing-mass distributions for the signals and backgrounds.

this channel alone for the 5-plet EW DM to its thermal target mass of 6.6 TeV with about 50
ab�1. The coverage for the higher representation of the 7-plet would be better.

We note that the signal-to-background ratio is low in this channel, S/B < 10�2, which
demands a very good control of the systematic error. The theoretical uncertainties are an-
ticipated to be small with higher order calculations of the electroweak process. With a large
event sample, typically about 107 background events, it is hopeful that the systematics can
be modeled by a sideband with similar rate to control the error to be less than 10�3.
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Our proposal for studies
• Our LoI calls for generic exploration of the new physics parameter space, but we 

named three topics that are of interest to the signees:

• Electroweak Supersymmetry.
• Particular strong at high energy due to large VBF cross section.
• Due to low (hard scatter) background should be able to select soft decay 

products (careful of BIB, see later).
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Figure 12. Same as figure 10 but in the MSSM for (a,b) stop pair production, (c,d) neutralino
pair production, and (e,f) chargino pair production.
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(c) (d)
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Figure 17. For representative input parameters and as a function of muon collider energy [TeV],
the cross section [fb] via VBF (solid lines) and s-channel annihilation (dashed lines) for: (a) SZ
associated production in a singlet-scalar extension of the SM (section 6.1); (b) HZ associated
production in the 2HDM (section 6.2); (c) t̃t̃ pair production in the MSSM (section 6.4); (d) t′t′

pair production in a vector-like quark scenario (section 6.7); (e) χ̃0χ̃0 pair production in the MSSM;
and (f) χ+χ− pair production in the MSSM.
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Our proposal for studies
• Our LoI calls for generic exploration of the new physics parameter space, but we 

named three topics that are of interest to the signees:

• Long-lived particle searches.
• Except for HSCP, extremely difficult as LLP searches rely on displacements, 

different timing, or other non-conventional signatures.
• But those, also appear for the BIB (see later) – so need to see how we can 

discriminate BIB vs. LLPs.
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Challenges of physics at a muon collider
• Muons are unstable, and decay in-flight.
• This plot is done with MARS simulation at √s = 1.5 TeV.
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The Challenge: beam-induced background

Muon induced background is critical for: 
q Magnets, they need to be protected
q Detector, the performance depends on the rate of background particles arriving to each subdetector 

and the number and the distribution of particles at the detector depends on the lattice

2018 JINST 13 P09004
components and in the walls of the tunnel produce a high flux of secondary particles (see figure 1).
As it was shown in the recent study [1], the appropriately designed interaction region and machine
detector interface (including shielding nozzles, figure 2 and figure 3 ) can provide the reduction of
muon beam background by more than three orders of magnitude for a muon collider with a collision
energy of 1.5 TeV.

Figure 1. A MARS15 model of the Interaction Region (IR) and detector with particle tracks > 1 GeV (mainly
muons) for several forced decays of both beams.

Figure 2. The shielding nozzle, general RZ view
(W — tungsten, BCH2– - borated polyethylene).

Figure 3. The shielding nozzle, zoom in near IP
(Be — beryllium).

The amount of MARS15 simulated data was limited to 4.6% of the µ+ µ� decays on the
26 m beam length yielding total of 14.6 ⇥ 10 6 background particles per bunch crossing (BX).
The corresponding statistical weight (⇠ 22.3) was taken into account in the following ILCRoot
simulation. For each particle output by MARS15, 22 or 23 particles were generated by choosing a
new azimuthal angle at random. This provided a total of 3.24 ⇥ 10 8 particles entering the detector
in the ILCroot simulation. The most abundant background consists of photons and neutrons.
Table 1 lists these background yields together with kinetic energy thresholds used in the MARS15
simulation for di�erent types of particles.

– 2 –

JINST 13 P09004
Ø MAP developed a realistic simulation of beam-

induced backgrounds in the detector by 
implementing a model of the tunnel and the 
accelerator  ±200 m from the interaction point.

Ø Secondary and tertiary particles from muon 
decays are simulated with MARS15 then 
transported to the detector.

Ø Two tungsten nozzles play a crucial role in 
background mitigation inside the detector.

Fermilab - Topic of the Week July 14, 2020 4

The Challenge: beam-induced background

Muon induced background is critical for: 
q Magnets, they need to be protected
q Detector, the performance depends on the rate of background particles arriving to each subdetector 

and the number and the distribution of particles at the detector depends on the lattice

2018 JINST 13 P09004
components and in the walls of the tunnel produce a high flux of secondary particles (see figure 1).
As it was shown in the recent study [1], the appropriately designed interaction region and machine
detector interface (including shielding nozzles, figure 2 and figure 3 ) can provide the reduction of
muon beam background by more than three orders of magnitude for a muon collider with a collision
energy of 1.5 TeV.

Figure 1. A MARS15 model of the Interaction Region (IR) and detector with particle tracks > 1 GeV (mainly
muons) for several forced decays of both beams.

Figure 2. The shielding nozzle, general RZ view
(W — tungsten, BCH2– - borated polyethylene).

Figure 3. The shielding nozzle, zoom in near IP
(Be — beryllium).

The amount of MARS15 simulated data was limited to 4.6% of the µ+ µ� decays on the
26 m beam length yielding total of 14.6 ⇥ 10 6 background particles per bunch crossing (BX).
The corresponding statistical weight (⇠ 22.3) was taken into account in the following ILCRoot
simulation. For each particle output by MARS15, 22 or 23 particles were generated by choosing a
new azimuthal angle at random. This provided a total of 3.24 ⇥ 10 8 particles entering the detector
in the ILCroot simulation. The most abundant background consists of photons and neutrons.
Table 1 lists these background yields together with kinetic energy thresholds used in the MARS15
simulation for di�erent types of particles.

– 2 –

JINST 13 P09004
Ø MAP developed a realistic simulation of beam-

induced backgrounds in the detector by 
implementing a model of the tunnel and the 
accelerator ±200 m from the interaction point.

Ø Secondary and tertiary particles from muon 
decays are simulated with MARS15 then 
transported to the detector.

Ø Two tungsten nozzles play a crucial role in 
background mitigation inside the detector.



Challenges of physics at a muon collider
• Muons are unstable, and decay in-flight.
• The detector is bombarded by particles.
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M. Swiatlowski (TRIUMF) September 17, 2020

• In these event displays, each 
‘reconstructed PFlow object’ is a 
different color

• See huge numbers of particles!

• Hard to understand at this 
point whether these are 
‘real particles’ or just 
stochastic collections of 
hits

• Some indication from Lorenzo 
that ‘fake jets’ are dominated 
by single, high energy ‘fake’ 
clusters

Origin of Fakes

8

M. Valente, w/
Instructions from L. Lee

No BIB

0.03% BIB

M. Swiatlowski
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Challenges of physics at a muon collider
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• Plenty of talk about using timing to reject 
BIB
• But usually tight requirements on making 

hits look collision-like
• Requirements that time - ToF be small

• Even after cutting VERY tightly on this, 
huge contribution from BIB

• But time wise, there’s more information here
• BIB at this collider isn’t just flat in time

• It’s in time with the beam (mostly)
• Of course neutrals induce a large tail as 

shown in the tutorial yesterday

• Can we require…
• Consistency with something flying from 

IP (radial ToF) AND
• Cut away contributions in time with the 

beam (z ToF)

100% BIB

11

100 BIB events (~3%)

Peak structure in Sim Hit momentum distributions. Probably from “primary” BIB particles vs secondaries
Lots of MeV particles thrown into detector

Particles from hard scatter w/ much higher momentum

Obviously can’t throw these away because they still deposit significant energy in the detector

100 BIB events (~3%)

BIB tracks
Hard scatter 
tracks

L. Lee

• Muons are unstable, and decay in-flight.
• The detector is bombarded by particles.
• Need all experimental handles available to us:
• Detector with in-built absorber against the beam-induced background (BIB).
• BIB are not in-time.
• BIB is extremely soft.
• BIB particles fly parallel to the beam.



Challenges of physics at a muon collider
• Muons are unstable, and decay in-flight.
• The detector is bombarded by particles.
• Need all experimental handles available to us:
• Detector with in-built absorber against the beam-induced background (BIB).
• BIB are not in-time.
• BIB is extremely soft.
• BIB particles fly parallel to the beam.

• But still, some work ahead of us!
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M. Swiatlowski (TRIUMF) September 17, 2020

• Number of jets looks interesting: 
jumps up rapidly but stabilizes

• Full detector occupancy?

• NB: ~no threshold on jet 
momenta in this plot

• Number of jets ‘above’ the 
leading jet also interesting

• ~Half of the ‘fake’ jets have 
higher momenta than the true 
leading jet!

Number of Jets
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Challenges can be overcome
• Our European colleagues used the full simulation to do a H(bb) measurement at 

√s = 1.5 TeV.
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Detector Performance at ! =1.5 TeV 

Background tagging:
§ fake rate: 1 ÷ 3%
§ Tests show fake rate is manageable

Jet reconstruction efficiency Jet momentum resolution Jet b-tag efficiency

L.Sestini M. Casarsa N. Bartosik L. Buonincontri

Using the MAP detector and framework,  performance have been determined using simple and 
rough methods for the reconstruction 

CLIC with Machine Learning method is factor 2 better at 1.4 TeV
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CLIC with Machine Learning method is factor 2 better at 1.4 TeV
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!"! Studies at # =1.5 TeV

%&%' → )*,) → ,-, and %&%' → ,-,* generated @ # = 1.5 456 with PYTHIA 8

Preliminary

H → ,-,+beam-induced background

MAY 9, 2019

Process cross section [pb]
µ
+
µ
� ! �

⇤
/Z ! bb̄ 0.046

µ
+
µ
� ! �

⇤
/Z�

⇤
/Z ! bb̄ +X 0.029

µ
+
µ
� ! �

⇤
/Z� ! bb̄� 0.12

µ
+
µ
� ! HZ ! bb̄ +X 0.004

µ
+
µ
� ! µ

+
µ
�
H H ! bb̄ (ZZ fusion) 0.018

µ
+
µ
� ! ⌫µ⌫µH H ! bb̄ (WW fusion) 0.18

Table 2: Cross sections for processes with two b-quarks in the final state

.

originate from the interaction point) and secondary tracks (remaining tracks without the constraint) are found with this
method. The performance of the tracking algorithm has been presented in [17] and was not yet evaluated in this study.

Jet reconstruction was not included in the ILCRoot package, therefore a dedicated algorithm was developed for jet
clustering combining information from the tracking and calorimeter detectors. First, the reconstructed tracks and
the calorimeter clusters are combined using a Particle Flow (PF) algorithm [33], which performs matching between
tracks and clusters to avoid double counting. PF candidates with the transverse momentum greater than 0.5 MeV are
then used as input objects in the jet clustering algorithm with the cone size parameter R =

p
�⌘2 +��21 of 2.0

and 1.0 for the 125 GeV and 1.5 TeV cases, respectively. The jet radius is optimized in order to contain most of the
energy of b-quark jets from the Higgs boson decay. A jet energy correction is applied as a function of the jet transverse
momentum. It is determined by comparing the reconstructed jet energy to the energy of jets clustered from Monte Carlo
truth-level particles. The jet energy resolution was found to be 11% for the 125 GeV case and 20% at 1.5 TeV, when no
beam-induced background is present in the detector.

Jets originating from b-quarks are identified using a simple and not yet optimized b-tagging algorithm. A secondary
vertex, significantly displaced from the primary vertex, formed by at least three tracks is searched. Tracks with an
impact parameter greater than 0.04 mm inside the jets are used as inputs to the algorithm. The 2-track vertices are built
requiring a distance of closest approach between the two tracks less than 0.02 mm, and a total transverse momentum
greater than 2 GeV. Finally, 2-track vertices that share one track are combined to form 3-track vertices. The b-jet tagging
efficiency defined as ✏b = Nb�tagged/Nreconstructed is found to be ✏b = 63% at 125 GeV and ✏b = 69% at 1.5 TeV.
These numbers refer to signal only, since no background is added to the events.

A complete study of tracks efficiency has to be performed including the machine background with a detailed evaluation
of the fake tracks. This is mandatory also for the evaluation of the b-jet tagging performances in terms of wrong tags.
Similar studies have to be completed also for the calorimeter, where anyhow we expect lower contribution from the
background.

4 Characterization of H ! bb̄ and Z ! bb̄ processes

The reconstruction of H ! bb̄ and Z ! bb̄ is taken as a benchmark to assess the first physics performance of the MC
at 1.5 TeV. The two resonances are generated with Pythia 8. In Table 2 the production cross sections of processes with
two b-quarks in the final state are summarized. The Higgs and Z signals are generated, simulated and reconstructed
following the procedures described above. In this study b-tagging is not applied in order to not reduce the statistics, and
the background described in Section 3 is not included. The fiducial region considered is defined by an uncorrected
jet transverse momentum greater than 10 GeV and an absolute jet pseudorapidity lower than 2.5. In Figure 9 the
uncorrected jet transverse momentum and the jet pseudorapidity in Higgs and Z events are shown. It is evident that jets
in Higgs events are well contained in the fiducial region while part of Z events fail the requirements. In Figure 9 the
reconstructed di-jet mass distributions for Higgs and Z are shown. The Z boson is mainly produced in association with
a high energy photon (see Table 2), therefore the Z distribution is labeled as Z + �. The relative normalization of the
Higgs and Z distributions is taken as the ratio of the expected number of events, considering the selection efficiencies
and the cross sections, and it is equal to 12. Although the cross sections are similar, most of the Z + � events fail the
fiducial region cuts, therefore a low yield of such events is expected. Since b-tagging is not applied a tail at high mass in
the Z distribution is present, it corresponds to candidates where the � is reconstructed as a jet.

1�� is the difference between the calorimeter cluster and the jet axis in the azimuthal angle. �⌘ is the same difference in the
pseudo-rapidity variable.

7

Signal

L.Sestini M. Casarsa N. 
Bartosik L. Buonincontri

%&%' → )88̅ → ,-,88̅ + beam-induced 
background fully simulated 
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Higgs !"! Couplings Results

NOT FOR DISTRIBUTION JINST_160P_0120 v3
analogous to that at electron-positron accelerators, since the beam-induced background stops at the
calorimeters and is not expected in muon detectors. Therefore the uncertainty on the coupling can
be obtained with:

�gHbb

gHbb

=
1
2

vuuuut✓
��

�

◆2
+
©≠
´
�

g
2
HWW

�H

g
2
HWW

�H

™Æ
¨

2

, (5.4)

where the uncertainty on g
2
HWW

�H
has been extracted from the CLIC study [14] and scaled for the

lower integrated luminosity assumed for the muon collider at
p

s = 1.5 TeV. The expected sensitivity
on the Higgs coupling to b quark at

p
s = 1.5 TeV is then found to be �gHbb

gHbb

= 1.9%.

5.2 Higgs Boson coupling to b quarks at
p

s = 3 TeV and
p

s = 10 TeV

The procedure used in Section 5.1 is also applied to evaluate the sensitivity to the gHbb coupling
when it is measured in muon collisions at

p
s = 3.0 TeV and

p
s = 10 TeV. The approach that is

followed is very conservative. The nozzles and the interaction region are not optimized for the
higher energies, nor is the detector. The e�ciencies obtained with the full simulation at

p
s = 1.5

TeV are used for the higher center-of-mass energy cases, with the proper scaling to take into account
the di�erent kinematic region. At higher

p
s the tracking and the calorimeter detectors are expected

to perform significantly better since the yield of the beam-induced background decreases with
p

s

as demonstrated in Ref. [7]. The uncertainty on g
2
HWW

�H
at

p
s = 3.0 TeV is taken from the CLIC

study at the same center-of-mass energy [14]. At
p

s = 10 TeV this uncertainty is assumed equal
to the one at

p
s = 3.0 TeV. For the moment this is the only estimated number and, following the

conservative approach that drives this work, it is used as is. It is reasonable to imagine that, when
the full Higgs boson couplings analysis is carried out at

p
s = 10 TeV, this uncertainty will improve.

The instantaneous luminosity, L, at di�erent
p

s are taken from Ref. [17]. The integrated
luminosity, Lint , is calculated by using the standard four Snowmass years. The acceptance, A, the
number of signal events, N , and background, B, are determined with simulation. The uncertainties
on � and gHbb are calculated and summarized in Table 2 along with all relevant inputs. The
resulting relative uncertainty on the coupling is 1.0% at

p
s = 3.0 TeV and 0.91% at

p
s = 10 TeV.

It should be noted that the result at
p

s = 10 TeV is dominated by the error on g
2
HWW

�H
, which is

assumed equal to the one used at
p

s = 3 TeV.

p
s A ✏ L Lint � N B

��
�

�gHbb

gHbb

[TeV] [%] [%] [cm�2s�1] [ab�1] [fb] [%] [%]
1.5 35 15 1.25 · 1034 0.5 203 5500 6700 2.0 1.9
3.0 37 15 4.4 · 1034 1.3 324 33000 7700 0.60 1.0
10 39 16 2 · 1035 8.0 549 270000 4400 0.20 0.91

Table 2. Summary of the parameters used as inputs for the determination of the Higgs coupling to b quarks.
The data taking time is assumed of 4 · 107 s. The parameter definitions are given in the text.
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§ The instantaneous luminosity, ℒ, at different √s is taken from MAP.
§ The acceptance, A, the number of signal events, N, and background, B, are determined with simulation.
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6 Comparison to CLIC

The direct comparison of the results obtained on �gHbb

gHbb

at a muon collider with other colliders,
as done in Ref. [18], is not yet available. In order to evaluate the potential of an experiment at a
muon collider, these results are compared to those published by CLIC [14]. CLIC numbers are
obtained with a model-independent multi-parameter fit. In addition, the fit is performed in three
stages, taking the statistical uncertainties obtainable at the three considered energies successively
into account. This means that each new stage includes all measurements of the previous stages and
is represented in Table 3 with a "+" in the integrated luminosity.

The muon collider results are not complete, since not all the necessary parameters are deter-
mined. They are based on assumptions that are very conservative, as discussed in the previous
sections. Data samples at the three center-of-mass energies are treated as independent, and not
taken successively into account. This means that at

p
s = 3 TeV the precision achieved by the

experiment at muon collider uses 4 data-taking years while the CLIC number includes also the 4
years at

p
s = 350 GeV.

p
s [TeV] Lint [ab�1] �gHbb

gHbb

[%]

Muon Collider
1.5 0.5 1.9
3.0 1.3 1.0
10 8.0 0.91

CLIC
0.35 0.5 3.0
1.4 +1.5 1.0
3.0 +2.0 0.9

Table 3. Relative precision on Higgs boson coupling to b�quark at muon collider and at CLIC. The
di�erence on how the numbers are obtained by the two experiments is described in the text.

7 Summary and Conclusion

A detailed study of the Higgs boson decay to b�jets at
p

s = 1.5 TeV is presented, based on a full
simulation of the physics process and the beam-induced background. The physics performance of
the tracking and calorimeter detectors is discussed together with new ideas to mitigate the e�ect
of the beam-induced background. The Higgs boson decay to b�jets is e�ciently reconstructed
demonstrating that the beam-induced background does not jeopardize physics performance of
an experiment at a muon collider. These results demonstrate that high energy muon collisions
perform better than electron-positron machines thanks to the almost negligible beamstrahlung and
synchrotron radiation. The uncertainty on the Higgs boson coupling to b�quarks is determined
under several assumptions and compared to the results obtained by CLIC in similar conditions. CLIC
has quoted the best precision on gHbb [18] and the fact that the muon collider provides similar
numbers in a non-optimized configuration shows its potential. A study of the Higgs couplings to
fermions and bosons is in progress with high priority given to evaluating the Higgs self-coupling.

– 15 –

CLIC numbers are obtained with a model-
independent multi-parameter fit performed in three 
stages, taking into account data obtained at the 
three different energies.

Results published on JINTST as Detector and 
Physics Performance at a Muon Collider



Looking ahead
• The first delphes card has been created: 

• https://github.com/delphes/delphes/blob/master/cards/delphes_card_MuonColliderDet.tcl
• But we are working on studies to improve the reconstruction – and validate and 

improve that detector card with full simulation.

• As Delphes card was finalized only last week, we have no physics studies to show 
(yet), but we are starting organizing these studies now.
• As we are starting physics studies now, if you are interested: it is a great time to 

join! – Just contact me.
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https://github.com/delphes/delphes/blob/master/cards/delphes_card_MuonColliderDet.tcl


Backup
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Muon collider experiment
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Study of Detector Response at ! =1.5 TeV

The simulation/reconstruction tools supports 
signal + beam-induced background merging 

INFN Muon Collider Meeting - June 3, 2020M. Casarsa 4

Detector overview

muon 
chambers

hadronic
calorimeter

electromagnetic
calorimeter

superconducting
solenoid (4T)

tracking system

shielding nozzles
(tungsten + borated 

polyethylene cladding) 

CLIC Detector adopted with modifications for 
muon collider needs.
Detector optimization is one of the future goal.
Vertex Detector (VXD)
§ 4 double-sensor barrel layers 25x25µm2

§ 4+4 double-sensor disks       ’’
Inner Tracker (IT)
§ 3 barrel layers 50x50µm2

§ 7+7 disks          ’’
Outer Tracker(OT)
§ 3 barrel layers 50x50µm2

§ 4+4 disks        ’’
Electromagnetic Calorimeter (ECAL)
§ 40 layers W absorber and silicon pad sensors,     

5x5 mm2 

Hadron Calorimeter (HCAL)
§ 60 layers steel absorber & plastic scintillating tiles, 

30x30 mm2



Machine parameter
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